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Frequency Reconfigurable and Multifunctional
Metastructure Regulated by Nematic Liquid Crystal:
Broadband Circular to Linear Polarization Converter

Zhen Qiao, Wei Zhang, Yu-Peng Li, Bing-Xing Li,* and Hai-Feng Zhang*

With the tunability of the nematic liquid crystal (NLC), a broadband frequency
reconfigurable and versatile metastructure (MS) is proposed and theoretically
investigated in this paper, combining circular-to-linear (CTL) polarization
conversion (PC) and circular-to-circular (CTC) PC simultaneously. The MS is
composed of two via-coupled modules, which can respond differently to the
incident waves. Each module is connected utilizing a metal via a column, thus
exceedingly enhancing the energy transmission and reducing the loss when
transmitting. When the applied bias voltage (V,;,.) is 0 V, the NCL molecules
follow the initial orientation. The MS converts the incident right circular
polarized (RCP) waves into linear polarized (LP) waves within 8.11-9.95
gigahertz (GHz) with a relative bandwidth of 20.38% and achieves the PC of
left circular polarized (LCP) into RCP waves. As the V,;,. reaches 20V, the
original operating interval reconfigures and shifts overall toward a lower
frequency. The bandwidth of CTL is 7.66-9.02 GHz, and the CTC PC is
broadened to 20.20%. Meanwhile, the structure justification is verified, and
the inducing mechanism of PC is expounded. Possessing the merits of

such as arbitrarily designed permittiv-
ity and magnetic permeability,”] plenty
of studies concentrated on metamateri-
als have sprung up recently and become
a hotspot.[#1% Meanwhile, metastructure
(MS) is a three-dimensional case of meta-
material, which processes splendid ap-
plications in photon deceleration,'!] re-
mote sensing,!'?l energy harvesting,!3]
and electromagnetic cloaking,'* thus
unlocking the key bottleneck of manipu-
lation of EM characteristics.

Polarization is an essential category in
electromagnetics, electrodynamics, and
modern optics, which indicates that the
property of the electric field intensity
vector changes with time at a given
spatial point.'>'®] A polarization con-
verter is foreseen to change the po-

versatile collaborative processing and wide operating bands, such an MS is
promising to be a polarization-controlled application candidate and enrich

multifunctional designs.

1. Introduction

With the proliferation of vigorous technological evolution,
the extensive application and manipulation of electromagnetic
waves (EMWs) are exceedingly crucial currently.[!! The conven-
tional manipulation methods are to utilize the birefringence
effect!?] and optical activity of the anisotropic nature materials.[*!
Nonetheless, confronted by the dilemma of bulky volumel*]
and demanding material restriction,l®! they are fatigued to sat-
isfy the complexity of operating conditions and the trend of
miniaturized integration. Fortunately, benefiting from the sub-
wavelength periodic structurel®! and the exotic characteristics

Z. Qiao, W. Zhang, Y.-P. Li, B.-X. Li, H.-F. Zhang

College of Electronic and Optical Engineering and College of Flexible
Electronics (Future Technology)

Nanjing University of Posts and Telecommunications

Nanjing 210023, P. R. China

E-mail: bxli@njupt.edu.cn; hanlor@njupt.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/andp.202300030

DOI: 10.1002/andp.202300030

Ann. Phys. (Berlin) 2023, 2300030

2300030 (1 of 14)

larization state of incident EMWs af-
ter being reflected or transmitted by
the MS.['718] Exploited to manipulate
multiple states of the EMWs, the po-
larization converter has manifold po-
tential value in transceiver antennas,*°]
radar detection,?] target imaging,/?!l and
communication systems.[?? In 2007, Hao et al. pioneeringly in-
troduced a reflective polarization converter with an I-beam struc-
ture, which utilizes the corresponding discrepancies of electric
field and surface currents in the x- and y-axes to obtain polariza-
tion conversion.[?*]

The breakthrough and fruitful progress toward the manipula-
tion of EMWs have facilitated intense aspirations in PC. Conse-
quently, the unit structures of PC are sprouting up like wildfire,
and novel schemes are gradually being excavated, such as surface
plasmonic excitation,!?*%°! self-compensating hypersurfaces,¢]
and gradient hypersurfaces.[”] It has been confirmed that EMWs
process two polarization states. Linear polarized (LP) waves are
extensively universal and available, whereas circular polarized
(CP) waves are insensitive to atmospheric reflection and absorp-
tion and have multiple paths due to their irreplaceable merit
of robustness.[?®) Considering the significant distinctions in the
polarization of EMWs, there is no dispute that it is imperative
to design the corresponding polarization converters (i.e., linear-
to-linear (LTL or crossed) PC, linear-to-circular (LTC) PC, and
circular-to-linear (CTL) PC). To elucidate, Zheng et al. proposed
a wideband reflective polarization converter composed of two
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meander lines and one cut wire, which can realize cross-PC
within 6.53-12.07 GHz with a relative bandwidth of 59.60% and
LTC PC from 13.70 to 15.60 GHz simultaneously.*! In 2019, by
virtue of the equivalent circuit model, Wang et al. successfully
demonstrated a dual-band LTC polarization converter whose op-
erating frequency covers the K and Ka bands.*"]

Hitherto, abundant research has been put forward on the ful-
fillment of diverse polarization converters.3!l Nevertheless, with
the advancement of technology, these polarization converters are
failing to cope with the increasingly complicated electromag-
netic environment due to the restriction of their single func-
tion or fixed band.l*?] Hence, in-depth studies on the versatile or
frequency reconfigurable MS enter a new boom by combining
metallic resonators and tunable materials. Considerable meth-
ods of regulation include but are not limited to temperature,3334]
gravity field,[*®] illumination,3¢37] and electric field.*®! For in-
stance, Singh et al. experimentally demonstrated and compared
the thermal tuning of the fundamental inductive-capacitive res-
onance, where metals and superconductors are discussed, to ac-
tive MS resonance tuning.*”! Based on the phase-change mate-
rial vanadium dioxide and the photosensitive materials silicon
and germanium, Guo et al. demonstrated a photoexcited multi-
tasking Janus metasurface in 2022.[4°) Moreover, Peng et al. pub-
lished a multitasking MS based on graphene in 2018, which can
convert a broadband absorber into an LTL polarization converter
by virtue of altering the chemical potential of graphene.[*!] Ne-
matic liquid crystal (NLC) is a widespread-use anisotropic ma-
terial, whose dielectric constant tensor can be continuously reg-
ulated by applied bias voltage (V,,,,), making it a feasible can-
didate for tunable materials.[****] The cost of NLC is low, and
its operating band is vast, ranging from the millimeter-wave
band to the terahertz (THz) band.[*Y More importantly, NLC is
susceptible to the applied electric and magnetic fields, which
means that the demand for applied V,,, is relatively weak and
easy to implement.[*’] Accordingly, a host of tunable MSs based
on LC are steeply emerging, and the investigations into phase
shifters, 6] filters,*’] absorbers,*!] and polarization converters!*!
are the pertinent cases in point. An efficient THz reflective phase
shifter was exhibited by Yang et al. with a 249° maximum phase
shift at the resonant point.>"! Besides, Savo et al. recommended
an absorber that can implement spatial light modulation for THz
applications, vividly demonstrating the viability of LC-based re-
configurable metastructures.’!} As a result, benefiting from the
tunability of NLC, the exploration of reconfigurable metastruc-
tures has become increasingly popular currently, thus giving us
insight as well.

To the best of our knowledge, there will be 3 dB of energy losses
once the LP antenna is utilized in the process of receiving and
transmitting CP waves.>2] However, CTL polarization converter
schemes are scarcely featured in related reports, and previous
works are plagued by the flaws of low transmittance and narrow
band. It is a formidable nut to crack, whereas the correspond-
ing solution is imperative considering the universality of the LP
receiving antenna. Herein, a broadband reconfigurable and ver-
satile MS is proposed in this paper, which simultaneously com-
bines CTL PC and circular-to-circular (CTC) PC. Based on NLC,
the working bandwidth of MS can be a flexible shift by regulat-
ing the applied V, .. At Vi;,c = 0V, with a relative bandwidth of
20.38%, a broadband CTL polarization converter can be obtained
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within 8.11-9.95 GHz. Meanwhile, the proposed MS can convert
the LCP into RCP waves in the range of 8.30-9.56 GHz. As V,
gradually increases to 20 V, the operating band of the CTL PC
transfers to 7.66-9.02 GHz with a relative bandwidth of 16.31%,
meeting the broadband requirements as well. Furthermore, the
band of CTC PC is distinctly broadened, ranging from 7.70 to
9.43 GHz with a relative bandwidth of 20.20%. More intuitive
operating function information is manifested in Table 1 below.

The nontrivial properties of the proposed MS can enrich the
study of the CTL PC and tunable device, thus foreseeing an alter-
native way of addressing obstacles like a narrow band, low trans-
mittance, and high loss. And we are committed to the proposal’s
novel and valuable theoretical research and antecedently explore
its essential electromagnetic characteristics and physical mecha-
nism. Therefore, the related experimental processing is not the
focus of our attention. Even so, our research group is preparing
and gradually working on the various problems brought about by
the experimental process. In the near future, follow-up research
progress will be reported as soon as possible.

2. Structure Design and Numerical Deduction

Figure 1a illustrates the schematically periodic diagram of the
proposed MS, and the two different functions are visually demon-
strated by the propagation waves. To be specific, the given ver-
satile MS is capable of converting the incident RCP waves into
LP waves in the transmission state, while reflected RCP waves
are obtained when LCP waves are incident as well. The stereo-
scopic view is manifested in Figure 1b after the decomposition
of the unit, which is composed of four upper radiation patches,
four bottom receiving patches, a metallic middle ground, two
glass medium substrates (filled with NLC), and four metal via
columns (material gold is utilized for all metallic structures
whose conductivity o, is 4.561 x 107 S m~'**l). In Figure 1c,
the thickness ! and the height h, of the glass medium (relative
permittivity €, = 4, loss tangent tane,,, = 0°°l) are 0.1 mm,
which is filled with NLC with a thickness of h, = 2.0 mm. The
thicknesses of the patches and metallic middle ground are equal,
with w= 0.1 mm.

As exhibited in Figure 1d, the upper radiation patches and
the bottom receiving patches are identical in shape and are
connected by four metal via columns. It is worthwhile to
mention that the bottom receiving patches are arranged in
two layouts that differ by 90° in direction. The upper radia-
tion patches and the bottom receiving patches are connected up
and down through a metal via a column with a radius of r; =
0.4 mm, and the distance d from the MS’s boundary to the center
of the patch is selected as d = 2.0 mm. Accordingly, the combi-
nations of the upper radiation patch, the bottom receiving patch,
as well as the metal via columns are divided into two different
modules (Module I and Module II), whose responses are utterly
distinct from incident waves. In a nutshell, by rotating 90° of the
receiving patches, Module I can receive and convert the incident
RCP waves into LCP waves, while Module I is just to receive and
propagate RCP waves in comparison. As shown in Figure 1le, the
coordinate position relation of metal via columns and middle
ground metallic is distinctly explained. The metallic middle
ground has the role of preventing the transmission of the co-PC
EMWs and acting as a common ground. Four circle holes with a
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Table 1. The detailed operating function menu of the proposed metastructure (MS).

Function Applied Vy,i,q Operating band [GHz] Frequency deviation Relative band [%)] Broadband

CTL PC (transmission) oV 8.11-9.95 0.45 GHz (low) 20.38 v
20V 7.66-9.02 0.93 GHz (high) 16.31 v

CTC PC (reflection) ov 8.30-9.56 0.60 GHz (low) 14.11 X
20V 7.70-9.43 0.13 GHz (high) 20.20 v

M Liquid crystal
P Gold Glan
13
ich,

Figure 1. Schematic design of the proposed metastructure (MS): a) 3 x 3
array structure diagram, b) the stereoscopic view of the decomposed struc-
ture, c) the side view of the given MS, d) the top view and bottom view of
the Modules’ patches, and e) the related position of the middle ground
metallic and metal via columns.

radius of r, = 1.2 mm have been dug out on the metallic middle
ground to prevent metal contact via columns. Benefiting from
the metal via columns, the energy is efficiently transferred to the
backside of the given MS and helps to largely diminish the loss.

The anisotropic NLC has been widely investigated due to its
low drive voltage requirements, continuously adjustable dielec-
tric properties, small insertion losses, relatively reduced cost, etc.
NLC is a tunable material with anisotropy, and its permittivity is
related to the orientation of the liquid crystal molecules. In this
scheme, the HFUT-HB01 NLC was chosen for another substrate
with a permittivity range of e,,,;,, = 2.49 to ¢,,,,, = 3.63. In a bid to
better illustrate the tunable mechanism of NLC, Figure 2 vividly
and intuitively presents the arrangement of NLC molecules un-
der different V, .. The applied V,,,. controlling the tunable NLC
is loaded on both the glass medium substrates and the metallic
middle ground. The surface of the inner glass is covered with x-
axis rubbed polyimide to ensure that NLC molecules are in the
initial state (oriented along the x-axis and parallel to the inner
glass surface) when no Vi, is applied.[*>** Therefore, the per-

mittivity tensor of the NLC (tane = 0) can be expressed as:[#¢]
g, 00

e,=10¢ 0 (1)
0 0¢g
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Figure 2. The switch of the orientation of nematic liquid crystal (NLC)
molecules and the tunable mechanism of NLC under different Vi, (Vpias
=0o0r Vs =20V).

where the values of ¢, and ¢, are 2.49 and 3.63, respectively. After
applying the V.. (Vi = 20 V), the dynamic adjustment to the
molecular orientation of NLC can be achieved and the permittiv-
ity is regulated. Accordingly, the permittivity tensor of the NLC is
switched as:[6]

g, 00
0e 0 (2)
0 0 ¢

&) =

The refractive index tensor of a liquid crystal can be calculated
from the permeability tensor and the magnetic permeability ten-
sor of the liquid crystal. Thus, the refractive index tensor of the
NLC is related to its permittivity as well.

The modeling and result analysis of the investigated MS is per-
formed with the assistance of commercial simulation software
High Frequency Simulation Software (HFSS). The Master-Slave
boundary condition is set and the Floquet port is employed for
the simulation that the EMWs along the -z-direction is vertically
incident on the MS from infinity. More specific parameters on
MS can be found in Table 2 below.

To the best of my knowledge, the CP wave is categorized into
the LCP wave and the RCP wave according to their actual di-
rection of rotation. Meanwhile, a CP wave can be combined by
virtue of two kinds of LP with the same amplitude and a phase
difference of 90°. Actually, an LP wave can be decomposed into
two CP waves. In other words, an LP wave can be obtained by
virtue of a combination of an LCP wave and an RCP wave with
the same amplitude and a certain phase difference. To elucidate,
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Table 2. The detailed geometrical dimensions of the investigated metastructure (MS).

Parameters p w / hy h, c d
Values [mm] 22.0 0.2 0.1 0.1 2.0 2.6 2.0
Parameters r r, r a, a, b, b,
Values [mm] 4.4 1.2 0.4 0.88 2.7 2.8 0.8

considering the incident wave is x-polarized, the derivation pro-
cess is shown as follows:[525+55]

1
2

E=e E:ex(lE+lE)=(%exE+

SE+3 B0

1 J
e,E) + (Ee"E - 58

The contents in two brackets can be redefined as follows:

J

%exE+ EBYE =¢,E, ¢ (4)
%exE - JEeYE —¢,E (5)

Hence, Equation (3) can be written as follows:
E=¢,E, 6% +¢E, e (6)

As manifested in Equation (6), it is beyond dispute that the
LP waves can be decomposed into two different CP waves with
opposite rotation and the same amplitude. Correspondingly, an
LP wave can be generated by combining the LCP wave and the
RCP wave, benefiting from the equal amplitude and the 0° phase
difference. Module I and Module II exert extremely different roles
in the process of CTL PC, respectively realizing the functions of
RCP-RCP and

RCP-LCP in our design. Taking the incident RCP wave as an
example, it can be expressed as:[**]

L\ _. E .
Ein — x e—}kz — <J 0 > e—]kz 7
<Iy) - Ey )

After shining on the proposed MS, the incident wave is cap-
tured by the top patches of Module I and Module II and radiates
to the back receiving patch through the metal via columns. In
view that the receiving patches differ in the 90° of rotation, Mod-
ule I can accomplish the RCP-LCP, while Module II is limited to
satisfying RCP-RCP. As a result, the decomposed electric fields
transmitted by Module I and Module II can be separated and ex-
plained as follows:

_ tlx —jkz _ kx'EO —jkz
fm ()= (55 <8>

_ th —jkz _ kx : EO —jkz

Once the two CP waves are superimposed, the anticipated LP
wave can be generated without fail:

E=E,+E,= <2 . k6' Eo> eI (10)
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Taking the comparison of the amplitude into account, a stun-
ning phenomenon can be noticed that there is times differ-
ence between the incident RCP wave and the outgoing LP one.
In an effort to further evaluate the performance and efficiency
of the given MS, the relative conversion efficiency (RCE) and
Ohm insertion loss (OIL) are introduced here by the following
equations:[(°34]

| TRCP—LP |2

RCE = 2 2 2 2
|Rrep-ree|” + |Rrep-tce|” + | Trep-rer|” + | Trep-ico|

(11)

OIL=1- |RRCP—RCP|2 - |RRCP—LCP|2 - |TRCP—RCP|2 - |TRCP—LCP|2

(12)

Herein, T; and R, are on behalf of the transmission and re-
flection coefficients. And the i and j are separately referred to as
the polarization states of the incident and outgoing waves. It can-
not be ignored that the proposed MS is capable of implementing
CTC PC as well, and the polarization conversion rate (PCR) is
typically utilized in the overall evaluation:[*041]

| Trep-tcp | :

PCR =

= (13)
|TRCP—RCP|2 + |TRCP-LCP|2

3. Simulation Analysis and Physical Mechanism

3.1. Analysis of CTL PC

As illustrated in Figure 3, based on the derivation of PC above,
the corresponding performance analysis is conducted for the pro-
posed MS when the value of V. is 0. It can be explicitly observed
that the transmission coefficients of tycppcp and tpepcp APProx-
imately maintain constant equality in Figure 3a. The tycppcp and
trepicp are over 0.6 in the band of 8.11 t0 9.95 GHz with a relative
bandwidth of 20.38%, which indicates a highly efficient broad-
band transmittance. Meanwhile, Figure 3b displays the phase in-
formation of the tpcprcp and tyepcp, and the phase difference
between them stays at 0° from start to finish. Accordingly, the
LP waves can be composed by virtue of combining the RCP and
LCP waves with the same amplitude and a 0° phase difference
(see Figure 3c). The amplitude of the synthesized LP waves is
nearly approaching the theoretical value, which is the times of
the tyepicp- The curves of RCE and OIL are plotted in Figure 3d,
which can manifest the relative conversion efficiency of the gen-
erated LP waves and the energy loss during the process of PC.

© 2023 Wiley-VCH GmbH
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Figure 3. The performance curves of the proposed metastructure (MS) without Vi, a) the transmission coefficients of tgcp.pcp and t cp.rep, b) the
transmission phases of tgcp.rep @and tcp.reps €) the calculated result of linear polarized (LP) transmission, and d) the curves of relative conversion

efficiency (RCE) and Ohm insertion loss (OIL).

The effective region has been marked by the blue blocks. The
value of RCE cresting up to 0.88 at 9.08 GHz while the OIL can
be ignored with the approximate value of 0, which demonstrates
a high efficiency and a low energy loss of this CTL PC.

Similarly, Figure 4 displays the diverse performance analysis
of the given MS as well via adjusting the V, . to 20 V. The trans-
mission coefficients tpcp rcp and tpepcp are approximately equal
in the operating interval of 7.66 to 9.02 GHz, where their value
exceeds 0.6, equipped with a constant phase difference (Ag) of 0°,
as presented in Figure 4a,b, respectively. The value of the relative
bandwidth is 16.31% under this circumstance, which satisfies the
standard of broadband. It is worth noting that the consequences
of tpep.rep and tpepcp hit a trough that dramatically declines to
0 at 9.50 GHz, which hints at a superior selectivity to the effec-
tive EMWs to pass. Subsequently, the LP transmission can be ob-
tained simultaneously with its values over 0.9 in the operating
band, which implies a splendid PC of CTL behavior. Apparently
illustrated in Figure 4d are RCE and OIL, and the operating in-
terval has been highlighted by the blue blocks as well. The curve
of RCE rockets up from 6.0 GHz, reaching the peak of 0.96 at
8.49 GHz. In addition, the values of OIL in the working band are
stable and close to 0, implying a superb CTL PC with a barely low
loss during transmission.

3.2. Physical Mechanism of CTL PC Behavior

The surface current distributions depicted in Figure 5 give us an
insight into the physical mechanism of CTL PC, which are plotted
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on different planes at the corresponding resonant points at V,;,,
=0 and 20 V separately. When the V,;, is zero at 9.08 GHz, the
surface currents display a consistent trend at the upper radiation
patches of both Module I and Module II, which implies that the
RCP waves can be efficiently received by the radiation patches. As
can be viewed in Figure 5a, there are two major currents marked
I, and I,, whose directions are counterclockwise near the middle
ground metallic at the outer edge and -y-axis at the inner verge, re-
spectively, as well as a clockwise weak current I;. Accordingly, in
Figure 5b of the surface current on receiving patches, the main
current I;, of Module I is counterclockwise whose direction is
isotropic to I}, which can be inferred that the RCP wave is greatly
radiated after transmittance. Nevertheless, the current direction
of clockwise I,;, of Module II is opposite to I;,, indicating an in-
duced RCP-LCP (convert RCP waves into LCP waves) PC under
this condition. More significantly, Module I and Module II are di-
agonally distributed with a 2 X 2 arrangement, resulting that the
accepted RCP waves with equal amplitude by Module I and Mod-
ule II separately and the amplitude of transformed RCP waves
maintaining equivalent as to the radiated LCP waves. Thereby, by
combining the output RCP and LCP waves with the same ampli-
tude, a standard LP wave can be ultimately obtained as we desire.
Apart from the strongest currents I, I;,, and I, there are two
sets of faint currents whose general directions are anti-parallel,
tagged as I,, I,,, and I,;, as well as I, I5,, and I;,. Meanwhile,
the I, on the middle ground metallic is opposite to the overall
downward current on the upper patches (see Figure 5c). Conse-
quently, the anti-parallel currents will induce a magnetic moment
m, thus exciting an induced magnetic field H that may trigger PC

© 2023 Wiley-VCH GmbH
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Figure 4. The performance curves of the proposed metastructure (MS) when the V,,¢ is 20 V, a) transmission coefficient of tzcp.rcp and t cp.rcps b)
the transmission phases of tgcp.rcp and t cp.rep, €) the calculated result of linear polarized (LP) transmission, and d) the curves of relative conversion
efficiency (RCE) and Ohm insertion loss (OIL).

Vbias

=0

9.08 GHz

Figure 5. The surface current distributions on different planes including the upper radiation patches, the bottom receiving patches, the middle ground
metallic, and the metal via columns at the corresponding resonant points when the V,;,. is 0 and 20 V separately.
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Figure 6. The magnetic field distribution on different planes including the metal via-columns, the upper radiation patches and the bottom receiving
patches at the corresponding resonant points when the V,;. is 0 and 20 V separately.

as well. Next, a xoz profile of metal via columns is also plotted.
As can be notably observed in Figure 5d, it is through metal via
columns that a multitude of intense surface currents labeled I
is transmitted from the upper radiation patches to the bottom
receiving patches. Therefore, the majority of the EMW energy
travels to the backside of the presented MS, accounting for the
low loss during the working process of the PC. In view of the
fact that the surface currents when V,,,, = 20 V resonant point of
8.49 GHz manifested in Figure 5d,e are analogous in comparison
with the above-discussed circumstance, the corresponding phys-
ical mechanism and the principle of PC are so similar that it is
unessential to repeat them anymore. As stated, the indispensable
synthesis of output RCP and LCP waves, which have equal am-
plitude, and the combination of electric and magnetic coupling
are responsible for the realization of CTL PC.

Besides, for the sake of better understanding and verifying the
presented MS’s superiority of low loss and high transmittance,
the magnetic field distribution on different planes is provided in
Figure 6, which can demonstrate certain information regarding
the trace of EMW energy during PC. Figure 6a—d displays the re-
lated magnetic field distribution when the V,,_ is 0 at 9.08 GHz,
while the calculated results of V,;,. = 20 V at 8.49 GHz are pre-
sented in Figure 6e-h. In particular, the perspective of the in-
spected xoz and xoy cross-sections about the magnetic field distri-
butions are stressed by some arrows in Figure 6a,e. As mentioned
above in the explanation of currents, there are superabundant
currents flowing down through metal via columns, contributing
to the especially intense distribution of H in this surrounding
region (see Figure 6b,f for details). Accordingly, it can be explic-
itly concluded that the four metal via-columns hold a crucial role
in energy transmission and loss reduction in the course of PC.
Subsequently, the rest of the diagrams in Figure 6 are utilized
to respectively describe the specific case of H in terms of upper
radiation patches and bottom receiving patches. In addition to
the metal via columns, the calculated results reveal that vigorous
magnetic fields accumulate near the vicinity of MS’s diagonal of
the upper radiation patches as well. When it comes to the bot-
tom receiving patches, it is worthwhile to note that the distribu-
tions of H remain strong at the diagonal. However, Module I and
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Figure 7. The frequency reconfiguration of the proposed metastructure
(MS) when the Vi, are 0 and 20 V. a) The results of transmission coeffi-
cients of t cp.pcp and b) the curves of relative conversion efficiency (RCE).

Module II differ by 90° in the structure direction, which signifies
that their responses are utterly distinguished from incident RCP
waves, thereby leading to an efficient CTL PC.

3.3. Analysis of the Frequency Reconfigurable of CTL PC

To better expound and visualize the frequency reconfiguration of
the CTL PC regarding operating interval, the transmission coef-
ficient of t; .p gcp, and RCE are revealed in Figure 7 below in com-
parison when the V.. are 0 and 20 V severally. As introduced in
Figure 7a, the transmission coefficient is over 0.6 in the band of
8.11-9.95 GHz with a relative bandwidth of 20.38% when there
is no Vj;,.. Nonetheless, by virtue of the tunable NLC, the corre-
sponding working bandwidth shifts to a lower frequency overall,
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Figure 8. The diagrams of the circular-to-circular (CTC) polarization conversion (PC) without V., a) the reflection coefficient of r cp. cp and r cp.pep,
and b) the calculated curves of polarization conversion rate (PCR) and Ohm insertion loss (OIL).

which ranges from 7.66 to 9.02 GHz with a relative bandwidth
of 16.31% when the applied V,,,, increases to 20 V. The lowest
frequency changes from 8.11 to 7.66 GHz, moving by 0.45 GHz,
while the highest frequency shifts from 9.95 t0 9.02 GHz, with a
change of 0.93 GHz. After applying the V,,,., the equivalent per-
mittivity of the MS undergoes a change, which is consistent with
the alteration of the NLC anisotropic permittivity. The propaga-
tion velocity of EMWs is determined by the medium’s equivalent
permittivity. A decrease in the equivalent permittivity leads to an
increase in the propagation velocity. In order to maintain a con-
stant wavelength, the frequency must decrease, which resultsina
red shift in the operating band. In spite of a reduction in the work-
ing band in this situation, the transmission coefficient values
creep up to 0.7 at the resonance point of 8.49 GHz, which man-
ifests that almost 98% of EMW energy can be transmitted into
the backside of the investigated MS. The peak of RCE moves to a
lower frequency from 9.08 to 8.49 GHz in response to the chang-
ing trend of transmission efficiency (see Figure 7D). Likewise, the
RCE value surges to 0.96 at the resonant point of 8.49 GHz and
drops rapidly thereafter when the V,;,. is 20 V, while the effective
band of RCE maintains a wide flat range in the band of 8.11-
9.05 GHz in the case of V,;,, = 0. Hence, it is worthwhile to illu-
minate that the shift of distinguishing operating interval can be
achieved at will by means of controlling the applied V;;,,. More
specifically, the working band is expected to be switched between
7.66 and 9.02 GHz; and 8.11 and 9.95 GHz, which indicates that
the applied V,;, plays an indispensable switching function in reg-
ulating the working states of 7.66-8.11 GHz and 9.02-9.95 GHz.

3.4. Analysis of CTC PC

To ulteriorly demonstrate the performance of the CTC PC of the
given MS, which concretely converts the LCP waves into RCP
ones, the magnitudes of the cross- and co-polarized reflection co-
efficients 1} p pcp and 71 cpcp, as well as the calculated PCR and
OIL are exhibited in Figure 8a,b. As Figure 8a reveals, the 1 cp pcp
is over 0.9 near the resonant point, while the amplitude of the
Ticp.cp Yemains below 0.2, thus contributing to the formation of
the CTC PC. Meanwhile, the transmission response is weak un-
der this circumstance, and the specific manifestation is that the
transmission coefficients t; cprcp and t;cpcp are close to 0.2 as
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well. Accordingly, a narrow band of PCR (over 0.9) appears in
the range of 8.30-9.56 GHz with a relative bandwidth of 14.11%,
as presented in Figure 8b, with PCR values rising up to 0.96 at
8.85 GHz and OIL values fitting snugly into 0.

In like manner, Figure 9 is plotted to illustrate the tunability
of NLC with regard to the CTC PC when the applied V,,, is 20 V.
Compared to Figure 8 without the V., there are distinct en-
hancements in the overall curves and metrics in Figure 9, with
a mild frequency deviation simultaneously. It can be obviously
observed that the working band of 7} p rcp (0ver 0.9) is widening
instead of being a mere single resonant point anymore, where
the other coefficients are mostly less than 0.2 in this band, facili-
tating a broader CTC PC of the proposed MS (see Figure 9a). In
Figure 9b, the calculated PCR is stable above 0.9 in the working
scope of 7.70-9.43 GHz with a 20.20% relative bandwidth, with
the values cresting up to almost 1 at the two corresponding res-
onant frequencies separately. Moreover, the implications of OIL
can be neglected in that the values are exceedingly close to 0.

3.5. Physical Mechanism of CTC PC Behavior

In light of that the principle of CTC PC is similar, hence, the cir-
cumstance of V;,. = 20 V is opted to elucidate the mechanism.
The corresponding surface current distributions are manifested
in Figure 10, which respectively describes the concrete situation
of two different resonant points at 8.41 and 9.27 GHz (PCR =
0.99 and 0.98, respectively) with regard to the CTC PC in the re-
flection state. At 8.41 GHz, the anti-parallel currents generated
between the upper radiation patches and middle ground metal-
lic caused by I; and I, will induce a magnetic moment m, thus
triggering an induced magnetic field H, (see Figure 10a,b). To
the best of our knowledge, the incident RCP wave can be decom-
posed into two orthogonal LP waves. Therefore, it is reasonable
to decompose it into E;; and E;,, whose directions are separately
parallel and perpendicular to H,. Itis noted that the orientation of
the equivalent E, induced by H, is reversed compared to the part
of incident E;,, and the magnitude of E;generated by magnetic
coupling is stronger than E;,. As a result, the original E;, perpen-
dicular to H, finally flips 180°, while the E;; parallel to H, stays
the same, thus contributing to the realization of broadband and
low-loss CTC PC. In like manner, as exhibited in Figure 10c,d,
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Figure 9. The diagrams of the circular-to-circular (CTC) polarization conversion (PC) when the V¢ is 20 V. a) The reflection coefficient of r ¢p. cp and
ricp.rep and b) the calculated curves of polarization conversion rate (PCR) and Ohm insertion loss (OIL).

(€))
8.41 GHz

©
9.27 GHz

Figure 10. The surface current distributions (a) on the upper radia-
tion patches and (b) middle ground metallic at two peak resonant points
at 8.41 GHz when the V,;,¢ is 20 V. Surface current distributions (c) on
the upper radiation patches and (d) on the middle ground metallic at 9.27
GHz peak resonant point when V., is 20 V.

there is a circulating current formed by I, and I, at 9.27 GHz,
which can give rise to the magnetic moment m as well, and the
derivation process of CTC PC is exactly identical to 8.41 GHz.

3.6. Analysis of the Frequency Reconfigurable of CTC PC

Subsequently, in a bid to elucidate the frequency reconfigurable
of the CTC PC, Figure 11 is depicted to provide more insights into
the shift in frequency when the V|, are 0 and 20 V, respectively.
With a relative bandwidth of 14.11% and a peak PCR value of 0.96
at 8.85 GHz, the investigated design fulfills a narrow operating
interval (PCR > 0.9) of 8.30-9.56 GHz when the original V, . is
0. When the V,,,. is adjusted to 20 V, it is beyond dispute that
there is an apparent optimization in terms of the frequency band
accompanied by a slight red shift, benefiting from the permittiv-
ity change of the tunable NLC. Spanning from 7.70 to 9.43 GHz,
the working scope is better promoted, and the relative bandwidth
is broadened to 20.20% from 14.11%, which caters to the metric
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Figure 11. The frequency deviation of polarization conversion rate (PCR)
with regard to circular-to-circular (CTC) polarization conversion (PC) when
the Vi,,s are 0 and 20 V respectively.

of broadband. Chances are that the redshift of the frequency win-
dow can be attributed to the change in the equivalent permittivity
of the metastructure. The variation in the equivalent permittiv-
ity will affect the propagation velocity of EMWs, resulting in a
change in frequency to maintain the same wavelength, which is
the redshift observed in the frequency window. The variation at
the highest frequency is relatively minor, shifting from 9.56 to
9.43 GHz, while at the lowest frequency, it widens significantly
from 8.30 to 7.70 GHz. Meanwhile, the values of PCR within the
effective bandwidth fluctuate near 1, except for the concave point
value of 0.96 at 8.85 GHz, reflecting the overall elevation in PCR
level benefiting from the tunable NLC. The operating band can be
switched between 8.30 and 9.56 GHz; and 7.70 and 9.43 GHz via
regulating the applied V,,,, thus achieving on-off control of work-
ing states ranging from 7.70 to 8.30 GHz and 9.43 to 9.56 GHz.

4, Parameter Discussions

4.1. Angular Stability Analysis

As illustrated in the contours of Figure 12, the calculated results
of t; cp.rcp and PCR at different angles are all exhibited when the
Viias are at the states of 0 and 20 V, respectively, to further in-
vestigate the independence of the presented MS in terms of in-
cident angle. Chances are that the device will facilitate its wide
application in current hypercomplex communication environ-
ments once it possesses splendid angular stability. Under the
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Figure 12. Angular stability (varying from 0° to 75°) of a) the coefficient of ¢, cp.rcp When Vj;,, is set 0 and b) the coefficient of ¢, cp_rcp as Vyiys gradually
increases to 20 V with regard to CPT polarization conversion (PC). The polarization conversion rate (PCR) at different incident angles (varying from 0°
to 75°) for c) the CPC PC when Vy,;,, is set 0, and d) the CPC PC with the value of V,;, = 20V, respectively.

meticulous observation of Figure 12a, in spite of a sluggish at-
tenuation with regard to the lower frequency, the magnitude of
t, cp.rep Yemains essentially stable and meets the metric of broad-
band when the incident angle varies from 0° to 15°. Nonetheless,
as the incident angle increases, the origin operating band gradu-
ally decreases and eventually disappears at a 45° angle. Mean-
while, it is worthwhile to note that the proposed MS presents
outstanding characteristics of angular stability (more than 40°)
in terms of t;-prcp around the frequency of 10.5 GHz instead.
Similarly, in Figure 12b, with the same trend compared to Fig-
ure 12a, when the V,;, is set to 20 V, the initial working scope of
7.66-9.02 GHz continuously suffers degradation and obliterates
as the incident angle increases to 55°. In a nutshell, the proposed
MS can exhibit a certain degree of angular stability under mild
changes in incident angles (less than 15°).

For the case of CTC PC, the stability of the incident angle con-
cerning the Vi, of 0 and 20 V is depicted in Figure 12¢,d, respec-
tively. It can be seen in Figure 12c that a trivial fluctuation with re-
spect to frequency bandwidth under this condition, accompanied
by a slight blue shift as the incident angle surges up to 75°, in-
dicates excellent angle stability. As to Figure 12d, although there
is deterioration at 9.25 GHz at incidence angles greater than 60°,
it manifests the optimal angular stability on the grounds that the
working band consistently maintains itself virtually unchanged.
In light of the aforementioned analysis, the investigated MS is
anticipated to be utilized for comprehensive and potential ap-
plication values on multiple practical occasions, such as wave-
front detection, biomedical imaging, and atmospheric environ-
ment detection.
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4.2. Key Parameters of Impact Analysis

To ultimately obtain the optimal performance, the geometrical
parameters of the given MS are optimized by simulation soft-
ware. The variations of behavior curves concerning two critical
parameters with regard to CTL PC and CTC PC are separately
displayed in Figures 13 and 14, which comprise the related pa-
rameters b, of the horizontal metal strip and h, of the thick-
ness of NLC. As can be found in Figure 13a, there are significant
changes in the transmission coefficient when the values of b, are
0.75 and 0.80 mm, respectively, specifically in terms of the band-
width and the peak value. With the band varying from 8.51-9.98
to 8.11-9.95 GHz, a superior advantage appears in the operating
band when b, changes from 0.75 to 0.80 mm, highlighted by a
purple curve, in spite of a sacrifice in the peak value. Nonethe-
less, there is a general deterioration in the aspect of transmis-
sion coeflicients greater than 0.6, resulting in a reduced effec-
tive bandwidth. Furthermore, when taking bandwidth and peak
into account, it is feasible and sensible to opt b, as 0.80 mm
for incident RCP beams rather than 0.75 or 0.85 mm (see Fig-
ure 13b,c). Figure 13d reveals that when b, varies among 0.75,
0.80, and 0.85 mm with the same ascending slope, the curve of
b, = 0.80 mm owns the widest bandwidth, and the values of PCR
fluctuate around 0.95 to 1 within the effective band, while there
are both slots under the two other circumstances. Therefore, to
sum up, b, = 0.80 mm is given top priority via comprehensive
consideration of excellent performance and operating interval.
The ensuing part concentrates on the discussions about the in-
fluence of parameter h,, which is vividly manifested in Figure 14.
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Figure 13. The calculated transmission coefficients of circular-to-linear (CTL) polarization conversion (PC) when the V,;,, are a) 0,
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d

0
of b, varying from 0.75 to 0.85 mm. The parameter discussion of b, concerning circular-to-circular (CTC) PC when the V,, is c) 0, d) 20 V in the case

of b, varying from 0.75 to 0.85 mm.

It can be seen in Figure 14a that the effective band (over 0.6) of
the transmission coefficient is obviously expanded at the higher
band when h, is 2.0 mm compared to h, = 1.7 and 2.3 mm, which
is mainly embodied in the range of 9.58-9.95 GHz. Moreover,
there is an undeniable advantage under this circumstance of
h, = 2.0 mm when simultaneously taking both bandwidth and
transmittance into account. By virtue of the more comprehensive
performance and the more distinct frequency deviation, it is
beyond dispute that h, = 2.0 mm will be given top priority
consideration. As for the PC of CTC exhibited in Figure 14c,d
when h, varies from 1.7 to 2.3 mm, it is obvious that a significant
deterioration will occur both in bandwidth and performance
with h, = 2.3 mm, which is inferior to the other two values. At
the left verge of the PCR effective band (over 0.9), there is an
evident red-shift with the value of h, gradually increasing, but
little difference in the origin of this band. The original beginning
frequency point maintains unchanged at the left verge of the PCR
effective band (over 0.9), despite an evident red-shift as the value
of h, gradually increases (see Figure 14c). Meanwhile, the right
side dilates to 9.56 and 10.35 GHz, resulting in the operating
interval expanding from 14.11% to 21.98%. As demonstrated in
Figure 14d, the relative band is roughly equal with a slight blue
shift when h, is 1.7 and 2.0 mm, respectively. Nonetheless, the
corresponding performance is more stable in the working band
when h, is 2.0 mm, in that the PCR values fluctuate over 0.95 and
plunge sharply within 9.43-9.55 GHz, which indicates a superb
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switching effect and better selectivity. In a nutshell, h, = 2.0 mm
is deemed to be the optimal value for the presented design.

The equivalent circuit theory!>®>’] can provide insight into the
physical mechanisms of frequency redshift, the trend of t; «p pcp,
and PCR with parameter changes. The corresponding transmis-
sion and reflection mode characteristics are determined by elec-
tromagnetic response of MS when EMWs are incident upon a
MS. Based on equivalent circuit theory in general, the MS can be
equivalent to a series RLC resonant circuit. Altering the struc-
tural or electrical parameters of the metamaterial, such as its
changes in the geometric shape or component properties, can
cause changes in the equivalent permittivity and permeability of
the metamaterial, which, in turn, affect its response and trans-
mission characteristics to incident EMWs. Taking h, of the NLC
thickness as an example, as h, grows, the equivalent capacitance
C in the RLC equivalent circuit augments, while the equiva-
lent inductance L and resistance R typically diminish. This is at-
tributed to the enlarged distance between the capacitor plates,
which increases the equivalent capacitance, leading to a concomi-
tant decrease in the MS’s equivalent inductance and resistance.
As a consequence, the corresponding ¢ cppcp and PCR will al-
ter once the parameters change. This change in the equivalent
permittivity affects the propagation velocity of EMWs as well, re-
sulting in a decrease in frequency to maintain the same wave-
length, which is the redshift observed in the frequency window.
(Figure 15)
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Figure 15. The equivalent circuit model of the proposed metastructure.

4.3. Potential Methods of Experimental

For planar metamaterials, the methods of optical lithography
are mainly used.®®! As one of the most important steps to fab-
ricate micro nanostructures, optical lithography generally in-
cludes wafer cleaning and drying, coating photoresist, prebak-
ing, exposure, post-baking, development, hard baking, and other
processes.’”) Among them, exposure and development is the
most critical step in the lithography process, which is directly
related to the accuracy of metal nanostructures. The metal res-
onator pattern of upper radiation patches and bottom receiving
patches can be defined by photolithography, and gold can be de-
posited by E-beam evaporation,*8! which is common in the fab-
rication of metasurfaces and metastructures.
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The preparation method generally includes the following
steps: The material of NLC is first prepared by chemical reaction,
and then the liquid crystal material is heated to a certain temper-
ature to melt it.[*?] After the liquid crystal is completely melted, it
is rapidly cooled and an external electric field is applied to arrange
the liquid crystal molecules into a nematic structure. The prepa-
ration process requires strict control of the heating and cooling
rates as well as the application of the electric field to obtain the de-
sired nematic liquid crystal structure.[*! The liquid crystal sam-
ples are then tested for physical and optical properties to deter-
mine the nature and application potential of the nematic liquid
crystal phase.[**]

4.4. Comparisons with Other Reported Devices

Finally, to exhibit definite innovation concerning the presented
MS based on NLC, Table 3 is given to make a comparison between
NLC and other phase change materials, such as vanadium diox-
ide, graphene,[®%’l and silicon, which helps us better compre-
hend the situation of related work. Phase change materials, exter-
nal variables, adjustment objects, tunable functions, or shiftable
operating bands in different works are listed overall. It is clear
that the devices mentioned above perform admirably. However,
the NLC-based MS we proposed has irreplaceable advantages as
well, such as multifunctionality and distinct frequency deviation.
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Table 3. Comparisons between this work and reported switchable and multitasking devices.

Refs. Materials External variables Adjustment object Change of performance parameters
(functionality and working band)?
160] Vanadium dioxide Thermal Functionality @LTL PC: PCR > 0.9 (0.91-2.15)
(THz) @LTC PC: AR < 3 dB (1.07-1.67)
161 Functionality @LTL PC: PCR > 0.9 (0.69-1.38)
®Absorber: AB > 0.9 (0.67-0.95)
162] Graphene (THz) Voltage Functionality @LTL PC: PCR > 0.9 (0.40-0.95)
@LTC PC: AR < 3 dB (0.47-0.67)
163] Working band Multi-band absorber: Reconfigure the band of 1, 2.45
and 2.82 THz
164] Silicon (THz) Photo-excited Functionality @LTL PC: PCR > 0.9 (2.01-2.56)
®Absorption peaks: 1.98 and 3.24 THz
165] Functionality @LTL PC: PCR > 0.9 (0.96-1.47)
®Absorber: AB > 0.9 (0.75-1.73)
149] NLC (GHz) Voltage Working point Spatial light modulator: The absorption point shifts
from 3.67 to 3.42 THz
130] Working point Absorber: The central frequency is tuned from 11.04 to
10.21 GHz
This work NLC (GHz) Voltage Working band ®CTL PC: tgep.cp > 0.6

(8.11-9.95) — (7.66-9.02) GHz
@CTC PC: PCR > 0.9
(8.30-9.56) —(7.70-9.43) GHz

? AR = Axial ratio, AB = absorption band.

5. Conclusion

In summary, a frequency reconfigurable and multifunctional MS
based on NLC is theoretically proposed, which can implement
broadband CTL PC and CTC PC simultaneously as well as a
distinct frequency deviation by the tunable permittivity of NLC
when the applied V,,; is adjusted. The MS is composed of two
different types of modules, which distribute diagonally and re-
spond completely differently to the incident RCP waves. Mod-
ule I is expected to receive and convert the incident RCP waves
into LCP ones, while Module II is merely expected to receive
RCP waves compared to Module I, thus leading to the genera-
tion of LP waves. When it comes to CTL PC, the broadband op-
erating interval shifts from 8.11-9.95 to 7.66-9.02 GHz with rel-
ative bandwidths of 20.38% and 16.31%, respectively, when the
Viias 1S adjusted from 0 to 20 V. Meanwhile, there is an appar-
ent optimization in terms of the bandwidth performance of CTC
PC, accompanied by a red shift in the working band. The cor-
responding working scope can be switched between 8.30-9.56
and 7.70-9.43 GHz via regulating the applied Vi;,.. The surface
current and magnetic field distributions are introduced to inter-
pret the mechanisms of PC, and conventional angular stability
analysis and key parametric discussions are investigated in de-
tail as well. Such a novel design of the frequency reconfigurable
and multifunctional MS can manifest a promising prospect and
find potential applications in satellite communication systems,
antenna fields, and remote sensors.
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